This paper discusses the different methods of wind loading prediction for transmission line between Chinese new code, "Code for design of 110 kV ~ 750 kV overhead transmission lines", which has recently been implemented in July 2010, and other standards, including ASCE standards "Minimum Design Loads for buildings and other Structures", "Guidelines for Electrical Transmission Line Structural Loading", IEC 60826 "Design Criteria of Overhead Transmission Line", British standard BS8100 "Lattice towers and masts: Part 1. Code of practice for loading". In this paper, methods of wind load prediction are compared through the parametric studies, such as the return period and shape factor. For the transmission system, both wind loads on the conductors, ground wires and wind loads on the transmission towers are investigated. Moreover, the design wind loads in a real project are predicted by the aforementioned code and standards and it is concluded that the wind loads defined in the Chinese new code are no less than those in other standards. Also, the Chinese new code defines that the basic height for the basic wind speed is 10 m and the return period for 500 kV transmission line has been raised to 50 years, which improve the reliability and safety for design.
Introduction
As the rapid development of economy in China in recent years, the electric power supply has faced a great challenge, especially in the coastal cities. Therefore, the high-ultra-voltage (HUV) transmission lines for 500 kV, 750 kV and 1000 kV are proposed to alleviate the power threat. As the increase of the service voltage, the transmission towers as supporting components tend to be in super height and large size. It is well known that the reliability and safety of power lines are of the utmost importance and the interruption of electrical service due to failure of transmission line structures can have devastating economical and social consequences.
Transmission line structures are consistently governed by wind loading, which is a major concern to the design of transmission towers with the characteristics of light weight, small rigidity and damping. As the global weather becomes changeable and unusual, it is frequently reported that a large majority of overhead transmission lines have failed due to wind disasters in China. Since the year 2000, the wind damage of about one billion Renminbi have been reported caused by about 30 accidents involving the failure of more than 100 transmission towers. In June 2005, a serious accident happened with the collapse of 10 towers in Renhuai 500 kV HUV transmission line and 5 towers in the 110 kV transmission line nearby in Jiangsu province. And in August the same year, the wind attack resulted in the collapse of a transmission tower for a 110 kV power line in Fujian province. In April 2006, two transmission towers supporting the 500 kV Gefeng transmission line fell down in Hubei province (Yang and Zhang 2007) . From 2006 to 2008, hundreds of 500 kV, 220 kV and 110 kV transmission lines were out of operation and thousands of 35 kV and 10 kV transmission towers collapsed due to the huge wind loads in Guangdong province (Peng et al. 2010 ). To satisfy the need for development of the power industry and the changeable weather, the Chinese new code, "Code for design of 110 kV ~ 750 kV overhead transmission lines" has been implemented in July, 2010. It is defined that the basic height for the basic wind speed is 10 m and the return period for 500 kV transmission line has been raised to 50 years, which improve the reliability and safety for design. Actually, it is necessary to compare the Chinese new code with other existing standards in the world. In this paper, the definition and prediction method for wind loads are studied and compared in the use of the Chinese new code, the ASCE standards "Minimum Design Loads for buildings and other Structures", "Guidelines for Electrical Transmission Line Structural Loading", IEC 60826 "Design Criteria of Overhead Transmission Line", British standard BS8100 "Lattice towers and masts: Part 1. Code of practice for loading". Differences among these standards are presented in the paper. Also, on the base of the parametrical investigation, a case study is conducted to estimate the wind loads for conductors, ground wires and transmission towers by using the standards mentioned before and the results of the case are used to validate the reliability of the Chinese new code.
2
Basic wind speed and wind load definition
Basic wind speed
Wind action is evaluated on the basis of the basic wind speed derived by statistical analysis of wind speed data recorded by local meteorological office. In Chinese new code, meteorological wind speed should be recorded at a height of 10 m above the ground as a mean value over a period of 10 min, and the basic wind speed should be derived by statistical analysis assuming a Type Extreme Value probability distribution (Gumbal 1954) based on the annual maximum mean wind speeds. In other standards, the meteorological wind speed is recorded at 10 m above the ground as well, but with different averaging periods of 3 sec in ASCE standards, 10 min in IEC60826 and 1 h in BS8100, respectively. The basic wind speed and meteorological wind speed are also influenced by terrain roughness. Four terrain categories are defined in these codes and standards except BS8100, in which five categories are considered. In order to compare the wind action, the similar terrain roughness is investigated for Terrain Category B =0.16, is power law index of variation of wind speed with height in Chinese new code, Category C =0.143 in ASCE standards, Category B =0.16 in IEC60826 and Category =0.165 in BS8100. The basic wind speed is also determined by the return period, which is related to the reliability level of the transmission lines. The comparison of return period is presented in Table 1 . For example, the 50year return period wind speed has a probability of 0.02 of being exceeded in any one year. The return period in the Chinese new code is classified by the service voltage of transmission lines. In ASCE standards and IEC60826, the return period is determined by the reliability level, which depends on many factors, such as service voltage, ease of access, uniqueness, being a sole link to supply a particular load, role in interconnected network, effect on costs of interruptions. In BS8100, it is defined that the basic wind speed should be obtained for a return period of 50 years. The return period defined in Chinese new code is smaller than that in ASCE standards and IEC60826. where 0 W = the basic wind pressure; z = height factor s = shape factor z = gust response factor and f A = the net area projected on a plane normal to the wind direction. Wind load equations in ASCE standards, IEC60826 and BS8100 are listed in Table 2 . It is observed that different methods and parameters are used for wind load calculation.
The wind load acting on transmission towers is related to the area projected on a plane normal to the wind direction, which is influenced by the shape of the transmission tower. In Chinese new code, the shape factor is used to consider this effect. In ASCE standards, the force coefficient or drag factor, f C , in the wind force formula, accounts for the effects of a member's characteristics (shape, size, orientation with the respect to the wind , solidity, shielding and surface roughness) on the resultant force. In BS8100, overall drag coefficient, N C , applicable to the square or equilateral triangular towers, takes account of the solidity ratio and member shapes, including flat-sided and circular-section members. Also, the corresponding factor, x C , is defined in IEC60826. Different methods of determining these factors are used in these standards. In Figure 2 , curves of the shape factor and drag factors are developed by using the solidity ratio, , defined as : Note Equations in Table 2 are used to describe winds whose angle of incidence with the transmission line is perpendicular. In other cases, the equations should be modified in reference to the standards. W d is in the range of 0.8 (1 ) to 0.85 (1 ) , and is used to consider the reduction effect that the leeward frame is partially shielded by the windward frame. In BS8100, the drag factor is dependent on the value of Reynolds number, and the upper limit and lower limit of N C are shown in Figure 2(b) . The tendency of the drag factor for the tubular towers agrees well with that for the lattice towers. The factor of s has the smallest values; the drag factor, f C has the largest ones and values of N C and x C are close to each other. Figure 3 presents the comparison of height factor under the similar terrain roughness, including Category B in Chinese new code, Category B in IEC60826, Category C in ASCE standards and Category III in BS8100. It is indicated that the value of height factor in Chinese new code is the same as that in IEC60826, smaller than that in BS8100 and larger than that in ASCE standards.
Example

Design data
On the basis of a 500 kV double-circuit transmission line project, the wind loads acting on the conductors, ground wires and lattice towers are calculated and compared by using the aforementioned code and standards. Tower Z1 in the nominal height of 51 m and Tower Z2 in the nominal height of 27 m are investigated in this paper. The design and wire data are listed in Table 3 . Tower Z1 and Tower Z2 are designed with high strength steel Q345, the yield stress of 345 N/mm 2 , for the primary members of the tower body and arms. Equal leg angles in the dimensions of 180 mm x16 mm and 180 mm x14 mm are used for upper arms supporting ground wires, and those of 180 mm x18 mm and 180 mm x16 mm are used for middle arms and lower arms supporting conductors. Double angles assembled with equal leg angles in 180 mm x14 mm are applied for the primary members of the tower body under the gradient change point. Configurations of Tower Z1 and Tower Z2 are shown in Figure 4 .
Comparisons of wind loads on conductors and ground wires
According to the Chinese new code, the return period should be 50 years and the lowest design wind speed is 27 m/s for the 500 kV transmission line. Based on the 10-min average period in Chinese code, the design wind speed is converted to 38.18 m/s for the 3-sec average period in ASCE standards and 25.19 m/s for 1-hour average period in BS8100, respectively. Table 4 shows the comparsion of the wind loads acting on conductors and ground wires in unit length. The comparison is developed on the base of the similar terrain categories, involving Category B in Chinese new code, Category B in IEC60826, Category C in ASCE standards and Category III in BS8100. It is indicated that for the 50-year return period, the wind loads predicted by the Chinese new code are close to values by IEC60826 and ASCE standards, and nearly 1.11 times the values predicted by BS8100.
Comparisons of wind loads on towers
The comparisons of wind loads acting on Tower Z1 and Tower Z2 are also established on the basis of the converted wind speeds and similar terrain categories mentioned before. Figure 5 presents curves of wind loads along the tower height for 50-year return period. Good agreement exists for the tendency amongst the four curves of wind load estimation. Three peak loads are observed at the level of the supporting arms, due to the sudden increase of the windward area. Shown in Figure 5 (a) for Tower Z1, the Chinese wind loads are smaller than other values under the height of 50 m, but larger than others above 50 m. It is attributed to the effect of gust response factor. In Chinese new code, it is defined that the gust response factor is constant if the total tower height is smaller than 60 m, otherwise the factor should be increased from bottom to top of the tower and the weighted average value should be no less than 1.6. However, the ASCE standards consider the gust response factor unchanged along the height and in IEC60826 and BS8100, the increase of this factor is smaller along the height than that in Chinese new code. In Figure 5 (b) for Tower Z2 with the total height of 57.3 m, the Chinese wind loads are quite close to the other values, due to the constant value of gust response factor used in Chinese prediction. Caused by the wind loads, the overall shear forces and bending moments carried by the tower foundations are tabulated in Table 5 , and the shear force ratios and bending moment ratios in comparison with the Chinese new code are listed in Table 6 . For Tower Z1, the shear forces and bending moments estimated by Chinese new code are much larger than other values for 50-year return period. The Chinese shear forces are close to both the IEC values for 150-year return period and the ASCE values for 100-year return period. Furthermore, the Chinese bending moments are close to both the IEC values for 500-year return period and the ASCE values for 200-year return period. It is clear that the magnification of the gust response factor from bottom to top of Tower Z1, leads to the increase of the wind load on the top and the increase of the bending moments carried by the foundation. For Tower Z2, the shear forces and bending moments estimated by Chinese new code are close to the ASCE values and IEC values for 50-year return period and the values by BS8100 are larger than the Chinese values by 2%. 
Conclusions
In this paper, the wind load definition in the Chinese new code is compared with that in the ASCE standards, IEC60826, BS8100 and a 500 kV transmission line is taken as an example for comparison. The return periods defined in Chinese new code are smaller than those in ASCE standards and IEC60826. Based on the same solidity ratio, the shape factor in Chinese new code is lower than that in other standards. The height factor for terrain Category B in Chinese new code is close to that in IEC60826, larger than that in ASCE standards, and smaller than that in BS8100. For 50-year return period, the wind loads acting on conductors and ground wires are larger than values predicted by other standards. For towers with the total height above 60 m, the gust response factor, magnified from bottom to top, results in the increase of the wind loads in Chinese new code. Therefore, the Chinese new code is conservative for towers in height more than 60 m. For towers with the total height below 60 m, a constant gust response factor is used in Chinese new code, and the wind load prediction is close to that in other standards. In general, the Chinese new code improves the reliability and safety for design and is validated to be reliable in comparison with other standards.
